Endocannabinoids (eCBs) play an important role in long-term regulation of synaptic signaling in both vertebrates and invertebrates. In this study, the role of transcription-and translation-dependent processes in presynaptic versus postsynaptic neurons was examined during eCB-mediated synaptic plasticity in the CNS of the leech. Low-frequency stimulation (LFS) of non-nociceptive afferents elicits eCB-dependent long-term depression (eCB-LTD) heterosynaptically in nociceptive synapses that lasts at least 2 h. Bath application of emetine, a protein synthesis inhibitor, blocked eCB-LTD after afferent LFS or exogenous eCB application, indicating that this depression was translation dependent. Bath application of actinomycin D, an irreversible RNA synthesis inhibitor, or 5,6-dichlorobenzimidazole 1-␤-D-ribofurandoside (DRB), a reversible RNA synthesis inhibitor, also prevented eCB-LTD. Selective injection of DRB or emetine into the presynaptic or postsynaptic neuron before LFS indicated that eCB-LTD required transcription and translation in the postsynaptic neuron but only translation in the presynaptic cell. Depression observed immediately after LFS was also blocked when these transcription-and translation-dependent processes were inhibited. It is proposed that induction of eCB-LTD in this nociceptive synapse requires the coordination of presynaptic protein synthesis and postsynaptic mRNA and protein synthesis. These findings provide significant insights into both eCB-based synaptic plasticity and understanding how activity in non-nociceptive afferents modulates nociceptive pathways.
Introduction
Endocannabinoids (eCBs), such as 2-arachydonoyl glycerol (2-AG) and anandamide, are lipid neurotransmitters known to elicit both short-and long-term synaptic plasticity (Heifets and Castillo, 2009 ). Generally, eCB synthesis and release is activity dependent, occurring in the postsynaptic neuron with subsequent retrograde transmission to the presynaptic cell, in which neurotransmitter release is depressed (Chevaleyre et al., 2006; Heifets and Castillo, 2009 ). Endocannabinoid-dependent long-term depression (eCB-LTD) is often mediated by the cannabinoid 1 (CB 1 ) receptor (Devane et al., 1988) . However, recent studies have found that transient receptor potential vanilloid (TRPV) channels can also elicit eCB-mediated depression in the mammalian hippocampus, superior colliculus, nucleus accumbens, and the leech nervous system (Di Marzo et al., 2001; Gibson et al., 2008; Maione et al., 2009; Tó th et al., 2009; Chávez et al., 2010; Grueter et al., 2010; Yuan and Burrell, 2010, 2012; Li and Burrell, 2011) . Although presynaptic (Gibson et al., 2008; Maione et al., 2009; Yuan and Burrell, 2010) and postsynaptic (Chávez et al., 2010; Grueter et al., 2010) TRPV receptors have been observed to mediate eCB-LTD, increased intracellular Ca 2ϩ and activation of calcineurin appear to be required in both instances (Chávez et al., 2010; Jensen and Edwards, 2012; Yuan and Burrell, 2012) .
Previously, our laboratory has observed a heterosynaptic form of eCB-LTD in the CNS of the leech in which low-frequency stimulation (LFS) of a single touch (T)-sensitive neuron elicits a depression in a nociceptive (N) neuron synapse (Yuan and Burrell, 2010) . This is observed where the T-and N-cells converge onto the same postsynaptic target (Fig. 1a) , the longitudinal (L) motor neuron that innervates the longitudinal muscle fibers involved in the leech's defensive shortening reflex (Shaw and Kristan, 1995) . These features resemble gate control of pain, in which non-nociceptive afferent activity attenuates nociceptive signaling (Melzack and Wall, 1965) . In addition to Ca 2ϩ and calcineurin signaling, eCB-LTD in this N synapse requires postsynaptic 2-AG synthesis, 5-HT receptor activation, and activation of a presynaptic TRPV-like receptor (Yuan and Burrell, 2010, 2012) . All protostomal and most deuterostomal invertebrates lack CB 1 and CB 2 receptors (Elphick and Egertova, 2005; Elphick, 2012) , and central TRP channels may function as the invertebrate eCB receptor.
Although protein synthesis is critical for other forms of LTD (Huber et al., 2001) , there have been very few studies of translational and transcriptional mechanisms contributing to eCB-LTD (Yin et al., 2006; Adermark et al., 2009) and none concerning TRPV-mediated depression. In this study, we took advantage of the ability to perform paired intracellular recordings from identifiable presynaptic N afferent cells and postsynaptic motor neurons in isolated leech ganglia to examine the translation-and transcriptiondependent processes mediating eCB-LTD. We observed that induction of eCB-LTD requires transcription-dependent processes in the postsynaptic neuron, whereas translation-dependent processes were required in both the presynaptic and postsynaptic cells. The findings from these experiments indicate that a coordinated series of mRNA-and protein-synthesisdriven processes is required for the induction of eCB-LTD.
Materials and Methods
Animal preparation. Leeches, weighing 3 g (the hermaphroditic species Hirudo verbana), were obtained from two commercial suppliers (Leeches USA and Niagara Medicinal Leeches) and maintained in artificial pond water (0.52 g Instant Ocean/L H 2 0). The animals were kept on a 12 h light/dark cycle at 18°C. Midbody ganglia were dissected and placed in a 1 ml recording chamber with constant perfusion (2 ml/min). Dissections and recordings were performed in normal leech saline (in mM: 110 NaCl, 4 KCl, 1.8 CaCl 2 , 1 MgCl 2 , 5 NaOH, and 10 HEPES, pH 7.4). The following drugs were obtained from Sigma-Aldrich: emetine, actinomycin D, and 5,6-dichlorobenzimidazole 1-␤-D-ribofurandoside (DRB). 2-AG was obtained from Tocris Bioscience. Drugs for were dissolved in saline solution from frozen stock aliquots on the day that the experiments were conducted. Vehicle control experiments were performed using 0.01% dimethylsulfoxide (DMSO). All drugs used are membrane permeable, although our results indicate that it is possible to selectively inject these drugs into individual neurons without leak of sufficient concentrations to affect nearby cells.
Electrophysiology. Current-clamp (bridge balanced) intracellular recordings were made using sharp glass microelectrodes (25-40 M⍀) fabricated from borosilicate capillary tubing (1.0 mm outer diameter, 0.75 mm inner diameter; FHC) using a horizontal puller (Sutter Instruments P-97). The microelectrodes were filled with 3 M K ϩ acetate, and individual neurons were impaled by a manual micropositioner (model 1480; Siskiyou). Current pulses were delivered to the microelectrodes via a programmable stimulator (STG 1004; Multi-Channel Systems) , and signals were recorded using a bridge amplifier (BA-1S; NPI). The signals were digitally converted (Digidata 1322A analog-to-digital converter) for observation and analysis (Axoscope; Molecular Devices).
Identification of individual cells was based on their position and action potential shape. Both the T and N neurons are located on the ventral side of the ganglion, whereas the L neuron is found on the dorsal side (Nicholls and Baylor, 1968) . Ganglia were pinned dorsal side up in the recording chamber to allow recordings from the L motor neuron, the lateral T-cell, and the lateral N-cell. Identification of the motor neuron was confirmed through recordings from its electrically coupled homolog on the contralateral side.
Heterosynaptic LTD of the N synapse was elicited by LFS of the nonnociceptive T-cell at 1 Hz for 900 s (15 min). Recordings of the N-to-L synapse were made before the LFS (pretest), whereas posttest recordings were made at different time points (immediately after LFS, 30 min after LFS, 60 min after LFS, or 120 min after LFS) depending on the experiment (Figs. 1b, 2c ). Separate electrode impalements of the same lateral N sensory cell and L motor neuron were made for pretest and posttest recordings, and no cell was impaled more than twice. Chronic intracellular recordings of these neurons were not performed because this results in progressive rundown of the EPSP within 10 -15 min most likely because of damage caused by movements of the tissue during the electrode impalement (there are muscle fibers and connective tissue present in the leech CNS). Therefore, separate intracellular recordings were made during the pretest and posttest. Input resistance was recorded at the pretest and posttest level, and only consistent, stable recordings were included in the data analysis (input resistance with changes Ͻ10% of the original pretest recording). When all the synapses tested in this study were averaged, the pretest input resistance was 23 Ϯ 2.3 M⍀, and the post-test input resistance was 23 Ϯ 2.5 M⍀. The peak EPSP amplitude was recorded every 10 s and calculated by averaging 10 -20 EPSP (pretest or posttest) sweeps.
Drugs were applied through a gravity-fed superfusion beginning 2 min before LFS and last through the entire 15 min LFS period or without LFS for 15 min during control experiments (vehicle control had 0.01% DMSO) in a 1 ml recording chamber with constant perfusion (2 ml/ min). Iontophoretic injection of drugs was performed 5 min before LFS and consisted of Ϫ1 nA, 500 ms current pulses delivered at 1 Hz. Based on our previous studies, this protocol is effective in delivering pharmacological agents to the synaptic regions of the presynaptic or postsynaptic neurons, such as EGTA, capsazepine, and calcineurin inhibitory peptide (Yuan and Burrell, 2010, 2012) .
Statistics. Posttest EPSP amplitudes were normalized relative to pretest levels and presented as mean Ϯ SE. Statistical analyses using a ANOVA were performed to determine main effects with Newman-Keuls post hoc tests to confirm the ANOVA results. In situations in which data were used for multiple ANOVAs (e.g., no LFS controls), we used the procedure by Benjamini and Hochberg (1995) for controlling the false discov- Figure 1 . Synaptic circuitry and experimental protocol. a, The N sensory neuron has a monosynaptic glutamatergic connection onto the L neuron (Yuan and Burrell, 2010) . The T sensory neuron has both a monosynaptic electrical synapse and a polysynaptic glutamatergic connection onto the L neuron (Nicholls and Purves, 1970) . The interneuron(s) mediating this polysynaptic component is unknown. b, Pretest recordings of the nociceptive N-to-L synapse were made before T-cell LFS (15 min; 1 Hz), and then posttest recordings were performed 0, 30, 60, or 120 min later, depending on the experiment. In some experiments, the LFS was replaced by a 15 min treatment of 2-AG or capsaicin. ery rate. When using a false discovery error rate of 0.05, the p values associated with the ANOVAs were still statistically significant. Analyses were performed with Statistica analysis software (Statsoft). All significance was evaluated at an ␣ level of at least p Ͻ 0.05.
Results

Time course of depression
As shown previously (Yuan and Burrell, 2010, 2012) , LFS of the non-nociceptive T-cell induced significant depression of the nociceptive synapse when recorded 60 min after the LFS (Fig. 2a) . However, it is not known how soon depression is observed after LFS and whether depression persists longer than 60 min. Therefore, in separate groups of ganglia, synaptic transmission was measured immediately after LFS (n ϭ 5), as well as 30 min (n ϭ 5), 60 min (n ϭ 5), and 120 min (n ϭ 6) after LFS and compared with controls in which LFS was omitted (n ϭ 5 for each time point). Significant depression was observed at all four time points ( Fig. 2b ; one-way ANOVA, F (7,33) ϭ 11.61; p ϭ 0.000007; post hoc immediate vs control, p ϭ 0.0002; 30 min, p Ͻ 0.01; 60 min, p ϭ 0.0019; and 120 min, p ϭ 0.0035). Significant depression in the nociceptive synapses was also observed immediately after a 15 min bath application of 2-AG (100 M) or capsaicin (10 M), treatments that have been shown previously to mimic activityinduced eCB-LTD (Yuan and Burrell, 2010, 2012) (Fig. 2d ; one-way ANOVA, F (3,16) ϭ 24.09; p ϭ 0.000004; post hoc immediate control vs immediate LFS, p ϭ 0.0002 vs 2-AG, p ϭ 0.0002 and vs capsaicin, p ϭ 0.0002; all n ϭ 5).
LFS-induced depression requires translation and transcription
To determine whether eCB-LTD in leech nociceptive synapses was translation dependent, ganglia were treated with emetine (3 M), the protein synthesis inhibitor that has been used in other invertebrate studies of synaptic plasticity (Villareal et al., 2007) and yeast protein regulation (Fewell and Woolford, 1999; Kaur and Bachhawat, 1999) . When synaptic transmission was measured 60 min after LFS, bath application of emetine during 15 min LFS blocked LTD at the nociceptive synapse when compared with synapses in which LFS was delivered without emetine (Fig. 3a; F (3, 15) ϭ 5.31; p ϭ 0.010737; post hoc control vs LFS, p ϭ 0.0174; LFS vs emetine ϩ LFS, p ϭ 0.0118; control emetine vs LFS, p ϭ 0.0188; all n ϭ 5). Bath application of emetine for 15 min without LFS had no effect on the nociceptive synapse.
To test whether this synaptic depression is also mRNA synthesis dependent, actinomycin D (2 M), an irreversible RNA synthesis inhibitor that has been used in other invertebrate synaptic plasticity studies (Esdin et al., 2010) , was applied during LFS. Application of actinomycin D during the LFS blocked depression in the nociceptive synapse ( Fig. 3b ; F (5,24) ϭ 6.54; p ϭ 0.000572; post hoc control vs LFS, p Ͻ 0.01; LFS vs actinomycin D ϩ LFS, p Ͻ 0.01; all n ϭ 5) but had no effect on EPSP amplitude in control experiments in which actinomycin D was applied without LFS. These experiments were repeated with DRB (150 M), a reversible mRNA synthesis inhibitor that is effective in blocking transcription-dependent synaptic plasticity in other invertebrates and yeast (Greer and Greenberg, 2008; Zhou et al., 2009; Esdin et al., 2010) . As with actinomycin D, DRB bath applied during LFS was found to block LFS-induced depression ( Fig. 3b ; F (5,24) ϭ 6.54; p Ͻ 0.000572; post hoc control vs LFS, p ϭ 0.0009; LFS vs DRB ϩ LFS, p ϭ 0.0014; all n ϭ 5). DRB applied without LFS had no effect on synaptic transmission ( post hoc analyses showed NS in control experiments). Therefore, it is concluded that activity-induced eCB-LTD in these nociceptive synapses is transcription and translation dependent.
Presynaptic versus postsynaptic localization of transcriptionand translation-dependent processes
The above experiments were repeated using 2-AG (60 M). We showed previously that 2-AG can mimic and occlude LFSinduced eCB-LTD (Yuan and Burrell, 2010, 2012) . Bath application of 2-AG for 15 min elicits depression in the N-cell synapse when measured 60 min after treatment. Previous studies suggest No depression was observed in control experiments in which the LFS was omitted (middle; black traces represent pretest EPSPs, and the gray traces represent the posttest EPSP recordings). Each EPSP was elicited by a single N-cell action potential (bottom). b, Significant depression was observed at the 0, 30, 60, and 120 min after LFS. *p Ͻ 0.01, one-way ANOVA with Newman-Keuls post hoc analyses. Each time point in the control and LFS groups represents a separate group of synapses that were tested. c, Pretest recordings of the nociceptive synapse was followed by 15 min of LFS, 2-AG, or capsaicin treatment. Posttest recordings of the N-to-L pathway occurred immediately after LFS or treatment had ended. d, Bar graph representing nociceptive depression observed immediately after the 15 min LFS, 2-AG, or capsaicin treatment. Significant depression was observed in each treatment group compared to control data. *p Ͻ 0.001, one-way ANOVA with Newman-Keuls post hoc. Data presented as normalized mean Ϯ SEM.
that 2-AG-induced depression is the result of a decrease in presynaptic neurotransmitter release (Yuan and Burrell 2010) . The concentration of 2-AG used does not appear to have effects on the intrinsic membrane properties of the presynaptic or postsynaptic neurons given that input resistance of the postsynaptic L-cell after 2-AG treatment was 98.59 Ϯ 0.69% of pretreatment levels (21.87 Ϯ 1.99 vs 22.16 Ϯ 1.94 M⍀), and the half-width N-cell action potential was 99.12 Ϯ 8.14% of pretreatment levels (4.78 Ϯ 0.55 vs 4.60 Ϯ 0.34 ms). However, it should be noted that these measurements were made from recordings at the soma and do not eliminate the possibility of changes membrane conductance in more distal regions of the cells.
Coapplication of 2-AG with the protein synthesis inhibitor emetine blocked this chemically induced LTD ( Fig. 4a ; F (3,16) ϭ 4.88; p ϭ 0.013497; post hoc control vs 2-AG, p ϭ 0.0234; 2-AG vs emetine ϩ 2-AG, p ϭ 0.0154; all n ϭ 5). These results indicate that 2-AG-induced depression is protein synthesis dependent, consistent with what was observed during LFS-induced depression. However, depression after 2-AG treatment was not transcription dependent. Coapplication of 2-AG with either actinomycin D or DRB failed to block 2-AG-induced depression ( Fig. 4b ; F (5,24) ϭ 11.48; p ϭ 0.00001; post hoc control vs 2-AG, p ϭ 0.0037; actinomycin D control vs actinomycin D ϩ 2-AG, p ϭ 0.0033; DRB control vs DRB ϩ 2-AG, p ϭ 0.0012; all n ϭ 5), a result that would appear to be inconsistent with the results observed during LFS-induced depression.
One explanation for this finding is that the requirement for new mRNA synthesis has been bypassed by the bath application of 2-AG. LFS-induced eCB-LTD of nociceptive synapses requires postsynaptic 2-AG synthesis (Yuan and Burrell, 2010) . Therefore, it is possible that a transcription-dependent event related to synthesis or mobilization of 2-AG is required for activityinduced, 2-AG-mediated depression but is not required when depression is elicited chemically by the exogenous application of 2-AG. To test this hypothesis, DRB was selectively injected via iontophoresis into either the presynaptic nociceptive neuron or the postsynaptic motor neuron before LFS followed by a 60 min consolidation period. DRB injection into the postsynaptic motor neuron blocked LFS-induced depression, whereas presynaptic injection of DRB had no effect on this LTD ( Fig. 5a ; F (5,23) ϭ 9.44; p ϭ 0.000054; post hoc control vs LFS, p ϭ 0.0031; postsynaptic DRB ϩ LFS vs LFS, p ϭ 0.0005; presynaptic DRB control vs presynaptic DRB ϩ LFS, p ϭ 0.0059; all n ϭ 5). EPSP amplitudes were unchanged after control experiments in which DRB was injected into either the presynaptic or postsynaptic cell, but LFS was omitted (presynaptic and postsynaptic DRB controls showed no significant difference). In addition, the iontophoretic injection protocol by itself (without inclusion of any drug in the pipette) did not alter LFS-induced depression of the nociceptive synapses (70% decrease in synapses undergoing presynaptic iontophoresis and 65% decrease in synapses undergoing postsynaptic iontophoresis).
The above results are consistent with the idea that LFSinduced eCB-LTD requires RNA synthesis in the postsynaptic neuron and protein synthesis in both the presynaptic and postsynaptic neurons. To confirm the latter conclusion, LFS-induced depression experiments were repeated but with the protein synthesis inhibitor emetine injected into the presynaptic or postsynaptic neuron. Injection of emetine into either the presynaptic nociceptive neuron or the postsynaptic motor neuron blocked LFS-induced depression (at the 60 min posttest period; Fig. 5b ; F (4,20) ϭ 14.54; p ϭ 0.00001; post hoc LFS vs presynaptic emetine ϩ LFS, p ϭ 0.000138; LFS vs postsynaptic emetine ϩ LFS, p ϭ 0.000206; LFS vs presynaptic emetine control, p ϭ 0.000214; LFS vs postsynaptic emetine control, p ϭ 0.000195; no significance between controls and injections; all n ϭ 5). EPSP amplitude re- showing the decrease in EPSP amplitude after T-cell LFS in vehicle (0.01% DMSO in saline), whereas no depression was observed when emetine was applied during LFS. Right, Bar graph comparing the effects on EPSP amplitude in the control, LFS, LFS ϩ emetine, and emetine-treated groups. Depression normally observed after LFS treatment was blocked when emetine was applied (15 min) during LFS. Emetine alone had no effect. b, Left, Traces showing a decrease in EPSP amplitude after LFS but no depression when LFS was delivered in the presence of the bath-applied transcription inhibitors actinomycin D (actino) or DRB. Right, Bar graph comparing the effects on EPSP amplitude after no treatment, LFS alone, LFS ϩ actinomycin D, actinomycin D alone, LFS ϩ DRB, and DRB alone. Both actinomycin D and DRB blocked LFS-induced depression. No effect on EPSP amplitude was observed when actinomycin D or DRB was applied without LFS. *p Ͻ 0.01, one-way ANOVA with Newman-Keuls post hoc. Data presented as normalized mean Ϯ SEM. mained unchanged during control experiments in which emetine was injected into the presynaptic or postsynaptic neuron without LFS. These findings indicate that, unlike RNA synthesis, protein synthesis is required at both the nociceptive and motor neurons during activity-induced eCB-LTD.
Injection of emetine in conjunction with bath application of 2-AG was also tested. Presynaptic emetine injection blocked 2-AG-induced depression, whereas postsynaptic emetine injection failed to inhibit depression (at the 60 min posttest period; Fig. 5c ; F (4,20) ϭ 45.151; p ϭ 0.00000000097; post hoc 2-AG vs presynaptic emetine ϩ 2-AG, p ϭ 0.000175; 2-AG vs postsynaptic emetine ϩ 2-AG, p ϭ 0.373013; presynaptic emetine ϩ 2-AG vs postsynaptic emetine ϩ 2-AG, p ϭ 0.000132; postsynaptic emetine ϩ 2-AG vs postsynaptic emetine control, p ϭ 0.00175; presynaptic emetine ϩ 2-AG vs presynaptic emetine control, p ϭ 0.238944; all n ϭ 5). The lack of effect by postsynaptic emetine injection is consistent with the hypothesis that exogenous application of 2-AG bypasses the contribution of transcription-and translation-dependent processes in the postsynaptic neuron that are required during LFS-induced forms of eCB-LTD.
Depression observed immediately after LFS requires transcription and translation
As shown previously, there is significant depression immediately after LFS or 2-AG treatment. Is this early depression also transcription and translation dependent, or does new gene expression only contribute to depression observed at later time points? Emetine perfusion during LFS blocked depression normally observed immediately after LFS ( Fig. 6a; F (3, 17) ϭ 12.53; p ϭ 0.000173; post hoc control vs immediate LFS, p ϭ 0.0084; immediate LFS vs immediate emetine ϩ LFS, p ϭ 0.0005; all n ϭ 5 except emetine control, n ϭ 6). When actinomycin D was applied, depression immediately after LFS was also inhibited, again similar to what is observed at the 60 min time point ( Fig. 6b; F (3,16) ϭ 4.60; p ϭ 0.020693, post hoc control vs immediate LFS, p ϭ 0.0207; immediate LFS vs immediate actinomycin D ϩ LFS, p ϭ 0.0260; all n ϭ 5 except actinomycin D control, n ϭ 6). These findings indicate that depression immediately after LFS is also transcription and translation dependent.
Given that postsynaptic DRB injection blocked LFS-induced depression at the 60 min time point, indicating the necessity of RNA synthesis, this experiment was repeated for depression observed immediately after LFS. As with depression observed at the 60 min time point, DRB injected into the postsynaptic motor neuron abolished depression observed immediately after LFS, whereas presynaptic injection of DRB into the N-cell had no effect ( Fig. 7a ; F (5,23) ϭ 14.99; p ϭ 0.000002; post hoc control vs immediate LFS, p ϭ 0.0003; immediate LFS vs postsynaptic DRB ϩ LFS, p ϭ 0.0016; presynaptic DRB ϩ LFS vs postsynaptic DRB ϩ LFS, p ϭ 0.0002; presynaptic DRB controls vs presynaptic DRB ϩ LFS, p ϭ 0.0002; all n ϭ 5 except presynaptic DRB control, n ϭ 4). EPSP amplitude was unchanged in control injections of DRB into either the presynaptic or postsynaptic neuron. These results suggest that, even immediately after LFS, RNA synthesis is necessary in the postsynaptic neuron.
In terms of the role of protein synthesis, injection of emetine in either the presynaptic nociceptive neuron or the postsynaptic motor neuron prevented the depression normally seen immediately after LFS ( Fig. 7b; F Protein, but not RNA synthesis, is necessary for 2-AG-induced depression in a nociceptive synapse (60 min posttest). a, Left, Traces showing that the decrease in posttest EPSP amplitude normally observed after 2-AG treatment is blocked when emetine and 2-AG are coapplied. Right, Bar graph comparing the effects on EPSP amplitude after treatment with vehicle, 2-AG, 2-AG ϩ emetine, or emetine alone. The depression normally observed after 2-AG treatment was blocked when 2-AG and emetine were coapplied. Emetine alone had no effect. b, Left, Traces showing that 2-AG-induced depression was still observed when the eCB was coapplied with the transcription inhibitors actinomycin D (actino) and DRB. Right, Bar graph comparing the effects on EPSP amplitude after no treatment, 2-AG, 2-AG ϩ actinomycin, actinomycin alone, 2-AG ϩ DRB, and DRB alone. Both actinomycin D and DRB failed to block 2-AG-induced depression. No effect on EPSP amplitude was observed when actinomycin D or DRB was applied without LFS. *p Ͻ 0.001 (a) and *p Ͻ 0.01 (b), one-way ANOVA with Newman-Keuls post hoc. Data presented as normalized mean Ϯ SEM.
between controls and injections; all n ϭ 5). Therefore, these results indicate that protein synthesis is necessary in both the presynaptic and postsynaptic neurons, even at this early time period.
Discussion
New gene expression via both transcriptionand translation-dependent processes plays a critical role in eCB-LTD in nociceptive synapses after LFS of a non-nociceptive neuron. These findings are likely to have relevance beyond the leech CNS given the similarities that we have already documented with eCB-LTD in mammals, including the involvement of presynaptic TRPV-like receptors, presynaptic activation of calcineurin, postsynaptic eCB synthesis, and presynaptic and postsynaptic increases in intracellular Ca 2ϩ (Gibson et al., 2008; Yuan and Burrell, 2010,2012; Jensen and Edwards, 2012) . The ability to record from identifiable synapses in the leech CNS and manipulate signaling pathways in individual neurons is a powerful tool to identify critical cellular processes during synaptic plasticity and determine whether they operate presynaptically or postsynaptically.
Onset of synaptic depression was observed immediately after LFS (or 2-AG or capsaicin treatment) and persisted for at least 120 min. LFS-induced eCB-LTD requires new protein synthesis in both the presynaptic nociceptive cell and the postsynaptic motor neuron based on experiments in which the translation inhibitor emetine was bath applied or intracellularly injected. This LTD was also found to require new RNA synthesis in the postsynaptic but not presynaptic neuron based on intracellular application of the transcription inhibitor DRB. Depression observed immediately after LFS also required postsynaptic RNA synthesis and presynaptic and postsynaptic protein synthesis.
When eCB-LTD was elicited by exogenous 2-AG, the resulting depression no longer required RNA synthesis (was not blocked by bath-applied actinomycin D or DRB) but was still protein synthesis dependent (was blocked by bath-applied emetine). Furthermore, 2-AG-induced depression required protein synthesis in the presynaptic, but not the postsynaptic, neuron based on emetine injection experiments. These differences between 2-AG-and activity-induced depression suggest that exogenous 2-AG bypasses the transcription-and translation-dependent processes in the postsynaptic neuron that are required for LFS-induce depression. An alternative explanation for these results is that different signaling pathways are mediating LFS-versus 2-AG-induced depression. This is unlikely given that 2-AG has been shown to occlude LFS-induced depression and that both 2-AG-and LFS-induced depression require activation of TRPV-like receptors and presynaptic calcineurin (Yuan and Burrell, 2010, 2012) .
Based on these findings and the fact that eCB-LTD in these synapses requires postsynaptic 2-AG synthesis (Yuan and Burrell, 2010) , it is likely that these postsynaptic transcription/ translation-dependent processes are related to the synthesis and/or retrograde transmission of 2-AG. Activity-induced gene transcription need not be of DAG lipase or the putative eCB transport protein directly but could involve a protein that regulates these processes. For example, homer 2a is known to play an important role in regulating DAG lipase activity related to eCBdependent synaptic plasticity (Jung et al., 2007; Roloff et al., 2010) . In the case of the presynaptic neuron, translationdependent processes may be related to proteins that directly regulate neurotransmitter release (Chevaleyre et al., 2006) or to upstream molecules, such as calcineurin, that are known to be active in the presynaptic neuron during both CB 1 -and TRPVmediated eCB-LTD (Heifets and Castillo, 2009; Jensen and Edwards, 2012; Yuan and Burrell, 2012) .
To our knowledge, the only other studies of the potential roles of transcription and translation during eCB-LTD have been performed in the striatum (Yin et al., 2006; Adermark et al., 2009) . In this region of the brain, presynaptic protein synthesis was found to be required for eCB-LTD, consistent with our findings. However, no role for postsynaptic transcription or translation was observed in striatal synapses, which clearly differs from the observations in the present study. One reason for these differences is Figure 5 . RNA synthesis contributing to activity-induced eCB-LTD is localized at the postsynaptic L motor neuron, whereas protein synthesis is required at the presynaptic and postsynaptic neurons (60 min posttest). a, Left, Traces showing that depression normally observed after LFS is not blocked by presynaptic injection of DRB but is prevented after postsynaptic injection of DRB. Right, Bar graph comparing the effects on the normalized change in EPSP amplitude after no treatment, LFS alone, LFS ϩ presynaptic DRB, LFS ϩ postsynaptic DRB, presynaptic DRB only, and postsynaptic DRB only. Only the postsynaptic injection of DRB prevented LFS-induced depression. EPSP amplitude was not affected by either presynaptic or postsynaptic injection of DRB. b, Bar graph comparing changes in EPSP amplitude in synapses with injection of emetine (EME) before LFS. Presynaptic and postsynaptic emetine injection blocked LFS-induced depression. Presynaptic or postsynaptic injection of emetine alone (no LFS) had no effect on EPSP amplitude. c, Bar graph comparing changes in EPSP amplitude in synapses with injection of emetine before 2-AG bath application. Presynaptic injection of emetine blocked 2-AG-induced depression, whereas postsynaptic injection of emetine did not inhibit depression. Iontophoretic injection alone did not affect treatment outcome. *p Ͻ 0.01, one-way ANOVA with NewmanKeuls post hoc analyses. Data presented as normalized mean Ϯ SEM.
that eCB-LTD was elicited heterosynaptically in the present study, whereas eCB-dependent depression in the striatum was elicited homosynaptically. Alternatively, these differences may reflect variability in the level of synaptic activity necessary to elicit eCB-LTD in different synapses (Heifets and Castillo, 2009 ). In the striatum, LFS for only 1-2 min is sufficient to elicit eCBdependent plasticity (Yin et al., 2006; Adermark et al., 2009) , whereas LFS of 10 min or more has been used to elicit eCB-LTD in other synapses, including those in the leech (Heifets and Castillo, 2009; Alger and Kim, 2011) . In previous studies, eCB-LTD in synapses made by T sensory neurons in the leech have shown that LFS Ͼ7 min was required to elicit eCB-LTD (Li and Burrell, 2009 ). These findings suggest that different synapses require different periods of activity to generate sufficient eCBs to induce long-lasting depression.
Synaptic depression observed immediately after the 15 min LFS also required both protein and RNA synthesis. This rapidly activating translation and transcription, although surprising, is not unprecedented in the context of synaptic plasticity (Feig and Lipton, 1993; Saha et al., 2011). Synaptically regulated local protein synthesis occurs in both axonal (Van Minnen, 1994; Olink-Coux and Hollenbeck, 1996; Koenig and Giuditta, 1999) and dendritic (Tiedge and Brosius, 1996; Martin et al., 2000; Villareal et al., 2007; Bramham et al., 2010) compartments, and such localization of translational activity would support the rapid delivery of new proteins to synapses. In both the mammalian hippocampus and in Aplysia sensorimotor synapses, local protein synthesis was triggered through the activation of neurotransmitter receptors and induced synaptic plasticity within minutes (Huber et al., 2000; Villareal et al., 2007) .
The requirement for rapid transcription in the postsynaptic cell indicates that a signal initiated in the distal regions must travel to the nucleus and stimulate mRNA synthesis, and then the resulting protein or mRNA transcript itself must travel back to the dendrite within the 15 min LFS window. This rapid rate of transcription in synaptic plasticity is not unprecedented given that activity-driven transcription of the immediate-early gene Arc, which is associated with various forms of synaptic plasticity, has been observed to occur within 5 min (Shepherd et al., 2006; Waung et al., 2008; Bramham et al., 2010; Saha et al., 2011) . Ca 2ϩ influx via voltage-gated Ca 2ϩ channels (VGCCs) is known to initiate transcription in neurons (Lyons and West, 2011) , and eCB-LTD in the leech does require activation of VGCCs and increases in postsynaptic Ca 2ϩ Burrell, 2010, 2011; Yuan and Burrell, 2012) . The rate of mRNA transport in neuronal processes has been reported to be quite fast, with velocities of 0.4 -4.5 m/s being observed (Martin et al., 1997; Tiruchinapalli et al., 2003; Dictenberg et al., 2008; Tübing et al., 2010) . Based on the known morphology of the postsynaptic L motor neuron in the leech (Nicholls and Purves, 1970) , the distance between the soma and the points of synaptic contact is likely to be 200 -300 m. Therefore, newly synthesized mRNAs could easily be delivered within the 15 min LFS period.
eCB-mediated neuromodulation regulates a wide range of brain functions, including learning and memory, appetite, anxiety, and pain; therefore, understanding the role of transcription and translation during eCB-dependent synaptic plasticity is critical. Although our findings are distinct from studies in the striatum (Yin et al., 2006; Adermark et al., 2009) , this may reflect a difference in the threshold of activity necessary to elicit eCB-LTD. eCB-LTD can be elicited by a variety of stimulation patterns, including short-duration (Ͻ5 min) or long-duration (10 -15 min) LFS, moderate stimulation (10 Hz), high-frequency stimulation (50 -100 Hz), theta-burst stimulation, and spiketiming-dependent plasticity stimulation protocols (Heifets and Castillo, 2009; Alger and Kim, 2011). It is possible that the requirement for longer-duration activity to induce eCB-LTD may Postsynaptic RNA synthesis and presynaptic and postsynaptic protein synthesis are required for depression observed immediately after LFS. a, Left, Traces showing that depression normally observed immediately after LFS is not blocked by presynaptic injection of DRB but is prevented after postsynaptic injection of DRB. Right, Bar graph comparing the effects on EPSP amplitude after no treatment, LFS alone, LFS ϩ presynaptic DRB, LFS ϩ postsynaptic DRB, presynaptic DRB only, and postsynaptic DRB only. Only the postsynaptic injection of DRB was able to prevent depression observed immediately after LFS. EPSP amplitude was not affected by either presynaptic or postsynaptic injection of DRB. b, Bar graph comparing the effects of emetine (EME) injection on depression observed immediately after LFS. Both presynaptic and postsynaptic injection of emetine blocked depression immediately after LFS. Control experiments without LFS revealed no treatment effect. *p Ͻ 0.001, one-way ANOVA with Newman-Keuls post hoc. Data presented as normalized mean Ϯ SEM.
